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Spherical microparticles formed by agglomerated spherical nanocrystals of sulfur-containing ZnO
were prepared by homogeneous precipitation of ZnS followed by thermal treatment under an air
atmosphere. The samples were characterized by thermogravimetry (TG), X-ray diffraction (XRD)
and Raman, UV-Vis diffuse reflectance (DRS) and photoluminescence (PL) spectroscopies.
The particle morphologies were observed by transmission and scanning electron microscopies
(TEM and SEM), showing that spherical microparticles of sulfur-containing ZnO are formed by
aggregates of 25 nm spherical nanocrystallites. XRD and TEM results show the presence of
ZnO and ZnS phases for short time thermal treatments and only the ZnO wurtzite phase for
longer thermal treatments. The presence of Zn–S bonds in sulfur-containing zinc oxide
decreases the ZnO band gap energy as verified by DRS, probably due to a valence band offset.
Introduction
Zinc sulfide, a representative semiconductor of this class, has a
large band gap (3.6 eV) and has several applications as a
photocatalyst,1 and is also being explored for field emission
display (FED), photodiode and light emitting diode (LED)
technologies.2
Zinc sulfide can be prepared with different particle morpho-
logies by several methods. For example, ZnS can be prepared
as monodispersed spherical particles using homogeneous
precipitation by thermal decomposition of zinc thioacetamide3
or by metallo-organic decomposition (MOD) of zinc bis(dialkyl-
dithiocarbamate).4 Depending on the experimental conditions,
ZnS crystallizes as cubic zinc-blende or as the hexagonal
wurtzite phase. The former is the more stable phase, but it
can be converted to the wurtzite phase by thermal treatment at
high temperatures under a controlled atmosphere. Thermal
treatments of ZnS above 500 1C under air result in the substitu-
tion of sulfur atoms by oxygen atoms and, under appropriate
conditions, this process may lead to sulfur-containing zinc
oxide or, ultimately, pure zinc oxide.
Zinc oxide, in turn, is also a large band gap n-type semi-
conductor (3.37 eV) with a hexagonal wurtzite crystal structure.
It has been widely studied and used due to its electrical, optical
and photochemical properties. ZnO presents photoconductivity,
high transparency in the visible and near infrared regions and
a large exciton binding energy. These properties, associated
with the ability to prepare thin films, stimulated its application
in light emitting diodes5–8 and as efficient UV lasers.9–11 The
electrical and optical properties of ZnO can be tailored by
stoichiometric changes in its composition. For example, appro-
priate thermal treatments are suitable for creating oxygen
vacancies that act as electron donors, changing its electrical
properties that also can be modified by doping with group-III
elements.12 It is known that sulfur-doped zinc oxide presents a
strong valence band offset bowing as a function of sulfur
content, decreasing the ZnO band gap energy.13 It is important
to emphasize that limitations for the use of ZnO in some
technologies, such as photoelectrode in dye sensitized solar
cells, are related to its high band gap energy and also to its
conduction band energy. In fact, the performance of opto-
electronic devices is dependent on band gap energy, which may
be tailored by valence band offset bowing and also by doping
processes to prepare n-type or p-type like semiconductors.
Therefore, the possibility of shifting the band gap of zinc oxide
to lower energies (red shift) or even broaden its absorption
band by sulfur doping may be a strategic point to overcome
low zinc oxide absorption in the visible spectral range. Also, its
optical properties can be improved to some extent by morpho-
logical control of particles, especially when zinc oxide is obtained
as polydisperse submicrometer aggregates consisting of spherical
nanocrystallites that are suitable for thin film preparation.14 In
this context, the improvement of the optical properties of zinc
oxide for its use as a photoelectrode for dye sensitized solar
cells is an interesting technological problem to be investigated.
This work presents the preparation of polydisperse submicro-
meter aggregates consisting of spherical nanocrystallites of
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sulfur-containing zinc oxide that present important and
differentiated optical properties such as band gap red shift or
broadening of the ZnO absorption band in the UV-Vis region.
Experimental
Zinc sulfide preparation
Preparation of zinc sulfide was carried out by thermal decomposi-
tion of thioacetamide in the presence of zinc nitrate. The
reaction known as homogeneous precipitation was performed
at 90 1C using a rotatory evaporator at 10 rpm. After the
precipitation period (3 h), the solid was recovered by filtration
through a 0.2 mm polyester membrane, washed using deionized
water and subsequently dried at 100 1C overnight.
Thermal decomposition of zinc sulfide
In order to prepare sulfur-containing zinc oxide, the zinc
sulfide sample prepared as described above was thermally
treated under an air atmosphere using the following para-
meters: 300 1C for 5 min; 690 1C for 5, 10, 15, 20 and 30 min;
800 1C for 20 min and 900 1C for 20 min.
Characterization
Thermogravimetry was performed on a TG/DTA-TA Instruments
SDT Q-600, using a heating rate of 20 1C min1 under
synthetic air and a flow rate of 100 mL min1. X-Ray powder
diffraction (XRD) measurements were obtained at room
temperature in a Shimadzu XRD-7000 powder diffractometer
with Cu-Ka radiation (40 kV, 30 mA). The full width at half-
maximum (FWHM) of the peaks (100), (002) and (101) of
samples thermally treated at 690 1C for 15, 20 and 30 min;
800 1C for 20 min and 900 1C for 20 min was used to evaluate
the crystal lattice strains using the Williamson–Hall method.
For this purpose, X-ray diffraction patterns were obtained
over the angular range 301 to 401 (2y), with a step size of 0.021
(2y), and a counting time of 10 s per step. Instrumental
broadening corrections were performed using a standard of
silicon.
The particle morphologies were observed using a JSM 6360
Scanning Electron Microscope (FE-SEM) operating at 15 kV.
TEM analyses were performed using a Zeiss CEM 902
Transmission Electron Microscope operating at 80 kV.
HR-TEM images were obtained on a JEOL–JEM 2100
transmission electron microscope operating at 200 kV. Diffuse
reflectance UV-Vis spectra (DRS) were recorded on a CARY
5G UV-Vis-NIR spectrophotometer with an integrating
sphere spectral collector. BaSO4 powder was used as a reference
for instrumental background correction. Raman spectra were
recorded at room temperature with a spectral resolution of
2 cm1 using a He–Ne laser (632.8 nm at 8 mW) in a Renishaw
Raman Imaging Microprobe System 3000 spectrometer.
Photoluminescence measurements (PL) were recorded at room
temperature using a SPEX TRIAX 550 Fluorlog III with a Xe
lamp and a Hammamatsu R928 photomultiplier.
Results and discussion
Thermal analysis of the as-prepared sample (Fig. 1) shows
four events of mass loss. Below 375 1C, water removal is
observed; the events observed at 643 1C, 664 1C and 690 1C are
related to decomposition of zinc sulfide to zinc oxide.
Taking the diffraction pattern of the as-prepared zinc sulfide
as reference (Fig. 2), no changes are observed upon thermal
treatment at 300 1C for 5 min (Fig. 2). Thermal treatments at
690 1C for 5 or 10 min cause modification of the diffraction
pattern and new peaks are observed in the 311–371 range (2y)
and above 651 (2y), which are related to formation of zinc
oxide with a hexagonal wurtzite structure (JCPDF 36-1451).
Samples thermally treated at 690 1C for longer periods than
10 min or at 800 1C or 900 1C (Fig. 2) show only diffraction
peaks related to the zinc oxide wurtzite phase. As expected,
the longer and the higher the temperature of the thermal





























































904 New J. Chem., 2011, 35, 902–908 This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011
treatments, the narrower and more intense are the diffraction
peaks, indicating the higher crystallinity of the final material.
According to the Williamson–Hall plot (Fig. 3B), samples
thermally treated at 690 1C present micro-strain and only the
sample treated at 900 1C is almost free of micro-strain. The
presence of the micro-strain in the samples is likely a con-
sequence of low temperature and short period of time used for
thermal decomposition of zinc sulfide samples and also due to
the presence of sulfur. The micro-strain normally increases the
FWHM of the diffraction peaks, which makes difficult the
evaluation about changes of the zinc oxide lattice parameters
due to the presence of sulfur. Zinc sulfide samples thermally
treated at 900 1C are practically micro-strain free. However,
according to XRD, the diffraction peaks of the sample
900 1C/20 min are not shifted to lower Bragg diffraction, when
compared to the sulfur-free ZnO sample (Fig. 3A). Probably,
the amounts of sulfur (Table 1) in the samples are not enough
to increase the ZnO lattice parameters. In addition, the
presence of micro-deformation makes the evaluation of the
diffraction peaks shifting very difficult at these levels of
doping.
The determination of the sulfur and zinc amounts was
carried out by EDS (Table 1). The sulfur amounts were
calculated considering the amount of oxygen; therefore the
results shown are merely qualitative and they confirm the
presence of sulfur in the samples.
SEM and TEM images are presented in Fig. 4. The sample
obtained at 300 1C for 5 min (Fig. 4a) presents agglomerates of
particles with spherical morphology of ca. 150 nm size. For
longer thermal treatments at 690 1C (Fig. 4b and c), particles
are still present as aggregates, but some changes in the particle
surfaces are observed. One may note that ZnO spheroidal
nanocrystallites start growing on the surface of the spherical
particle (Fig. 4b and c) leading to hollow and spheroidal
submicrometer aggregates consisting of spheroidal nano-
crystallites (Fig. 4d). The formation of hollow particles (arrow in
Fig. 4d) may be explained as a function of the zinc sulfide
thermal decomposition reaction that occurs at the particle
surface where there are more oxygen to react. The reaction at
the surface of the particles leads to mass transportation from
the bulk to the surface of the particles, leading to hollow
particles. The sample thermally treated at 900 1C for 20 min
presents spheroidal particles of approximately 150 nm. This
result indicates that spheroidal crystallites (26 to 46 nm, Fig. 4d)
grow to such a size that the hollow spheroidal submicrometer
aggregates become unstable releasing the crystallites that, in
turn, grow to around 135 nm and become coalesced as shown
in Fig. 4e.
Fig. 5 shows the results of the high resolution transmission
electron microscopy (HR-TEM) of the samples thermally
Fig. 2 X-Ray diffractogram of zinc sulfide thermally treated under an
air atmosphere at different conditions as indicated.
Fig. 3 (A) Mode step X-ray diffraction of zinc sulfide thermally
treated at 690 1C for 15, 20 and 30 min, 900 1C for 20 min and sulfur-
free ZnO thermally treated at 900 1C for 20 min and (B) Williamson–
Hall plot.
Table 1 Amounts of sulfur and zinc determined by EDS
Samples Sulfur (at%) Zinc (at%) Sulfur (mol)a
690 1C/15 min 1.009 45.269 0.022
690 1C/20 min 1.126 42.504 0.027
690 1C/30 min 1.090 48.843 0.022
900 1C/20 min 0.835 57.743 0.015
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treated at 690 1C for 20 and 30 min and 900 1C for 20 min. One
may observe that the sample thermally treated at 690 1C/20 min
(Fig. 5a and b) still present some zinc sulfide phase together
with ZnO (Fig. 5b), even though the XRD result indicates only
the zinc oxide phase (Fig. 2). Samples thermally treated at
690 1C for 30 min (Fig. 5c) and 900 1C for 20 min (Fig. 5d) just
present a single phase of zinc oxide. Therefore, according
to EDS results (Table 1), the latter samples probably have
compositions around ZnO1xSx without any changes of zinc
oxide lattice parameters due to low sulfur concentration.
Fig. 4 SEM micrographs of zinc sulfide thermally treated under an air atmosphere at (a) 300 1C/5 min; (b) 690 1C/5 min; (c) 690 1C/10 min;
(d) 690 1C/30 min and (e) 900 1C/20 min. The insets show the respective TEM micrographs.
Fig. 5 HR-TEM micrographs of samples thermally treated under an air atmosphere at (a) and (b) 690 1C/20 min; (c) 690 1C/30 min and





























































906 New J. Chem., 2011, 35, 902–908 This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2011
Raman analyses were performed in the 200 to 500 cm1
range for samples thermally treated at temperatures above
690 1C (Fig. 6). Bands are observed at 276, 335, 390 and
434 cm1. The band at 276 cm1 is attributed to the Zn–S
transversal optical mode (TO)15 and it confirms the presence
of sulfur in the samples thermally treated at 690 1C for 15 and
20 min. The band at 335 cm1 is attributed to the Zn–O LO
phonon mode.16 The bands located at 390 and 434 cm1 are
attributed to the ZnO transversal optical mode (TO) with A1
symmetry and to the E2 mode, respectively.
16
The optical properties of the solids using UV-Vis absorption
and photoluminescence (PL) spectroscopies were also investi-
gated. The band gap values of the materials were obtained
from the fundamental absorption, since it corresponds to the
electronic transition from the valence band (VB) to the con-
duction band (CB). The optical band gap Eg can be calculated
from the absorption spectrum using eqn (1):17
a = A(hn  Eg)n/hn (1)
where a is the absorption coefficient, A is a constant, hn is the
energy and the exponent n depends on the type of transition,
assuming values of 1/2, 2, 3/2, and 3 for allowed direct,
allowed indirect, forbidden direct, and forbidden indirect
transitions, respectively. Assuming an allowed direct VB - CB
transition, the value of the Eg can be estimated by extra-
polating the straight line portion of the Kubelka–Munk function
vs. hn (Fig. 7).
The sample prepared at 300 1C/5 min (Fig. 7.) presents a
Eg similar to bare ZnS (3.52 eV) and suggests that the thermal
treatment at 300 1C/5 min is not effective in substituting a
significant number of sulfur atoms by oxygen atoms, which is
in agreement with XRD results (Fig. 2). Samples obtained at
690 1C for 5 and 10 min (Fig. 6) present an Eg of ca. 3.33 eV.
Persson et al.13 have demonstrated that with small quantities
of oxygen in ZnS1xOx or high quantities of sulfur in
ZnO1xSx it is possible to decrease the conduction band
energy of the ZnS. The decrease of Eg values with respect to
pure ZnS, verified for samples thermally treated at 690 1C/5 min
and 690 1C/10 min, suggests that some of the sulfur anions
have been exchanged with oxygen at the particle surface
modifying its chemical composition. Samples obtained at
690 1C for 15, 20 and 30 min (Fig. 6), characterized as ZnO
by XRD, have Eg values smaller than the sulfur-free
ZnO sample (Fig. 6). Considering the experimental sulfur-free
ZnO band gap of 3.28 eV, the Eg value is reduced until 3.13 eV.
The reduction of the Eg can be explained by two main factors:
(i) homogeneous modification of crystal properties—lattice
parameters and (ii) electronic states created in the forbidden
zone by the presence of the sulfur anion. The UV-Vis spectra
(data not shown) illustrate a long absorption tail at the low
energy side that, according to Persson et al.,13 is a charac-
teristic of valence band-offset bowing due to Zn–S like bonds
on ZnO crystals when the sulfur content (x) is lower than
0.28, considering the formula ZnO1xSx. Therefore, it seems
acceptable that the observed Eg reduction probably occurs due
to the presence of electronic states near the ZnO valence band
caused by the Zn–S like bond verified by Raman (Fig. 6).
Based on Eg values calculated by Persson,
13 the DRS data
suggest the formation of the sulfur-containing zinc oxide.
However, the results obtained by XRD (Fig. 2), HR-TEM
(Fig. 5), EDS (Table 1) and DRS (Fig. 7) indicate that the ZnS
thermal decomposition leads to a mixture of phases consisting
of (i) sulfur-containing ZnO (DRS and EDS), (ii) sulfur-free
ZnO (XRD and HR-TEM) and for short periods of thermal
treatment it was possible to detect ZnS (HR-TEM). Samples
thermally treated at 800 1C or 900 1C for 20 min also have
smaller Eg values than sulfur-free ZnO, suggesting the forma-
tion of sulfur-containing zinc oxide and zinc oxide as a major
phase according to XRD, EDS and HR-TEM analyses. It is
also important to point out the difference of the DRS curves
(Fig. 7) of the thermally prepared samples and the ZnO/ZnS
physical mixture. This difference also indicates the forma-
tion of sulfur-containing zinc oxide at least at the surface of
the particles.
Fig. 6 Raman spectra of samples thermally treated under an air
atmosphere at (a) 690 1C/15 min; (b) 690 1C/20 min; (c) 690 1C/30 min;
(d) 800 1C/20 min and (e) 900 1C/20 min. Samples thermally treated at
690 1C for 5 and 10 min show strong luminescence and the bands
could not be observed.
Fig. 7 Plot of the Kubelka–Munk function vs. energy of zinc sulfide
thermally treated under an air atmosphere at different thermal treat-
ments. Eg values of samples were determined by extrapolating the
linear portion of the curves and they are indicated in parentheses. The
sample ZnO thermally treated at 900 1C/20 min is a sulfur-free ZnO.
The sample ZnO/ZnS is a physical mixture consisting of 0.941 mol of
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In semiconductors, the reduction of Eg values with respect
to the pure solid is related to substitution of some atoms in the
solid structure and/or related to the presence of impurities.18
Meyer et al.19 have presented an equation (eqn (2)) that can be
used as a good approximation to estimate the Eg values as a
function of sulfur containing zinc oxide.
Eg(x) = xEg(ZnS) + (1  x)Eg(ZnO) – bx(1  x) (2)
Assuming the b value as 3.0 eV19 and the ZnS and ZnO
experimental Eg values as 3.53 eV and 3.28 eV, respectively
(Fig. 7), the sulfur content is approximately 0.059 for the
lowest (690 1C/20 min) Eg of named sulfur-containing ZnO
samples. The Eg and sulfur content of ZnO samples obtained
by thermal decomposition of ZnS are in a good agreement
with values obtained for ZnO1xSx single crystals obtained by
Locmelis and co-workers.18
Luminescence spectra are very sensitive to the electronic
structure of materials. For semiconductors, the bands observed
are related to transitions from the valence band to the con-
duction band. Excitation spectra (Fig. 8) show two maxima at
ca. 275 nm and ca. 370 nm for the emission centered at
500 nm.
The excitation spectra of the samples show a band around
370 nm (3.30 eV) resulting from electron transfer from the VB
to the CB, which is the origin of several mechanisms of
emission processes. An excitation spectrum of the sample
obtained at 300 1C for 5 min (Fig. 8A (a)) has a profile similar
to pure ZnS,20 having a broad peak with a maximum intensity
located at ca. 370 nm. Changes in the thermal treatment
conditions cause peak broadening similar to the excitation
spectra of pure ZnO (Fig. 8A (h)). Samples thermally treated
at 300 1C (Fig. 8B (a)) or 690 1C for 5 minutes (Fig. 8B (b))
have a very low intensity emission. The samples thermally
treated at 690 1C for 10 min or longer and at higher tempera-
tures show a wide emission band centered in the yellow-green
region, presenting a tail in the red region (Fig. 8B (c–h)).
Some authors15–17 attribute this transition to the presence of
interstitial zinc, Zni
+ - VZn
 at 533 nm (2.32 eV). Therefore,
the increase of thermal treatment temperatures causes changes
in donor and acceptor levels that can also be correlated with
the amount of electronic defects in the forbidden zone of ZnO,
especially those related to the presence of interstitial zinc,
increasing the emission intensity, as verified in Fig. 8. The
presence of sulfur in the ZnO phase modifies the emission
spectra of samples thermally treated at 690 1C, when com-
pared with pure ZnO.21 The emission centered in the green-
yellow region is typical of zinc sulfide and non-stoichiometric
ZnO samples thermally treated at 900 1C. At 900 1C the
formation of interstitial zinc (Zni
+) is favored in ZnO, leading
to green emission. The green emission in sulfur-containing zinc
oxide samples thermally treated at 690 1C may be attributed to
the mixture of phases already discussed. In addition, the
emission of the sample thermally treated at 690 1C/30 min
(Fig. 8B (f)) may suggest that sulfur induces the formation of
Frenkel defects constituted by zinc vacancies (VZn
) and
interstitial zinc (Zni
+) that may be responsible for one of the
possible mechanisms of the ZnO green emission. Frenkel
defects can be formed at lower temperatures on sulfur-containing
zinc oxide than in pure ZnO, probably because of the presence
of expansive micro-strain and also due to localized crystal
distortions around the sulfide anion (that is bigger than
oxygen anions) creating slightly bigger tetrahedral interstitial
vacancies in the ZnO hexagonal crystalline structure that
favors zinc migration, contributing to the appearance of the
green centered emission as of 690 1C.
Conclusion
In summary, sulfur-containing zinc oxide has been prepared
using the homogeneous precipitation method followed by its
thermal treatment under an air atmosphere. Different condi-
tions for thermal treatment were tested, varying temperature
and time. The crystallinity and strain of the resulting sulfur-
containing zinc oxide structures are highly dependent on the
thermal treatment conditions. After short thermal treatments
of ZnS under an air atmosphere, ZnO and ZnS phases are
detected. At longer thermal treatments, only the ZnO wurtzite
phase is observed by XRD, however other phases such as ZnS,
ZnS1xOx, ZnO1xOx may coexist. Morphological analyses
Fig. 8 (A) Excitation spectra (lem = 500 nm) and (B) emission
spectra (lexc = 375 nm) of zinc sulfide thermally treated under an air
atmosphere (a) 300 1C/5 min, (b) 690 1C/5 min, (c) 690 1C/10 min,
(d) 690 1C/15 min, (e) 690 1C/20min, (f) 690 1C/30 min, (g) 800 1C/ 20min
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confirm that the sulfur-containing ZnO is obtained as spherical
aggregates formed by the agglomeration of ca. 25 nm sized
nanocrystallites. The data of DRS, XRD, HR-TEM and
EDS strongly indicate the sulfur-containing ZnO phase. The
presence of Zn–S like bond in ZnO decreases the ZnO band
gap energy, which is probably due to a valence band offset.
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